Purpose Attempts to understand the causes of cognitive impairment in obstructive sleep apnea (OSA) are complicated by the overlap among clinical and demographic factors that may impact cognition. The goal of the current study was to isolate the contribution of hypoxemia to cognitive impairment in OSA.
Introduction
Obstructive sleep apnea (OSA) is a disorder characterized by complete (apnea) or partial (hypopnea) cessations of breathing during sleep. This breathing problem results in fragmented sleep and intermittent drops in arterial blood oxygen saturation (hypoxemia). OSA affects 2 % of middle-aged women, 4 % of middle-aged men, and up to 42 % of people over 65 years old [1] . The consequences of OSA can be significant, including daytime sleepiness, reduced quality of life [2] , comorbid medical conditions such as vascular disease [3] , and cognitive impairment [4] .
Cognitive deficits in OSA have been documented in several domains with most studies finding impaired memory, executive functioning, attention, and fine motor coordination [4] [5] [6] [7] . Cognitive impairment has the potential to negatively impact patients' daily functioning. Many researchers over the past two decades have attempted to characterize the cause of cognitive dysfunction in OSA with mixed results. One important limitation of most studies examining cognitive impairment in OSA is that they have not controlled for other variables that might affect cognition. Severity of OSA is most commonly described using measures of hypoxemia/ oxygen desaturation during the night (e.g., percent of sleep time below 90 % saturation) and sleep related respiratory disturbances (e.g., apnea-hypopnea index [AHI]). A major challenge is to separate the cognitive sequelae of hypoxemia from sleep disturbance because the two occur simultaneously. We believe that this remains an important task in understanding completely the causes of cognitive dysfunction in OSA and potential methods to remedy them.
The goal of the current study was to isolate the potential contribution of hypoxemia to cognitive impairment in OSA. We compared the neuropsychological test performance of two groups of patients with newly diagnosed OSA who differed on their level of hypoxemia, but were matched on age, gender, and AHI on polysomnography (PSG; an assumed surrogate for sleep fragmentation). None of the participants had previously undergone treatment with positive airway pressure (PAP), eliminating the possibility of differential treatment effects across the two groups. Based on past clinical research, we hypothesized that individuals with OSA who had higher levels of hypoxemia would perform more poorly on cognitive testing than those with lower levels of hypoxemia. We focused on memory, executive functioning, attention/vigilance, and fine motor coordination given findings from previous studies.
Methods and materials
This study was approved by the institutional review boards at Rhode Island Hospital and Brown University (0122-01). Participants provided written informed consent prior to enrollment. After completing a full night of in-laboratory PSG, participants completed neuropsychological testing before treatment for OSA was initiated.
Participants
Research records from 188 participants with OSA recruited from a sleep disorders clinic for a previous study (National Institutes of Health HL067209) were used to create the two groups of patients included in the current analysis. The goal was to create two groups who differed on severity of hypoxemia but were pair-matched on age, gender and AHI. To be included participants had to be 25-85 years of age, have a new diagnosis of OSA, and be fluent in English. Exclusion criteria were: (1) sleep disorder other than OSA including central sleep apnea, (2) previous treatment with PAP, and (3) medical disorder that might impact cognition (e.g., cardiovascular disease, chronic obstructive pulmonary disease [COPD] , kidney failure, neurological illness, major psychiatric condition). Participants who reported treatment for depression were included if their treatment was stable without changes in the past 3 months.
OSA was diagnosed by a full night of in-laboratory, clinical PSG. The AHI, an index of the number of apneas plus hypopneas per hour of sleep [8] , was used as a measure of OSA severity and sleep related respiratory disturbance. An AHI of 15 events/h was the lower limit for enrollment in the study. The amount of time spent below 90 % blood oxygen saturation was also recorded during the overnight PSG.
The results of the overnight PSG, specifically the variable "time below 90 % blood oxygenation" (Sa90), was used to create groups of participants with relatively high and low hypoxemia. Participants from the upper tertile of the sample distribution on the Sa90 variable were identified as having "high" levels of hypoxemia and spent at least 20 % of their total sleep time below 90 % blood oxygenation. Participants from the lower tertile on the Sa90 variable were considered to have "low" levels of hypoxemia and spent no more than 6 % total sleep time below 90 % blood oxygenation. This dichotomization was chosen to facilitate the comparison of those individuals with the highest and lowest levels of hypoxemia in our sample of patients with OSA. Of the participants identified as having high and low hypoxemia, a subset of 40 participants (22 male, 18 female) could be pair-matched on age, gender, and AHI. The final sample for the study included two groups of 20 matched participants between the ages of 32 and 77 differing only on their levels of hypoxemia.
Trained research assistants administered all neuropsychological measures based on standardized procedures. The examiners were blind to OSA severity and were not involved in participants' clinical care.
Measures
Epworth Sleepiness Scale [9] is a widely used self-report scale regarding how likely participants would be to fall asleep in eight situations. Scores range from 0 to 24 with higher scores indicating greater daytime sleepiness.
Beck Depression Inventory-II (BDI-II) [10] is a 21-item self-report scale that evaluates symptoms of depression over the past 2 weeks. Scores range from 0 to 63 with higher scores reflecting greater depression.
Neuropsychological Test Battery includes the following measures: American National Adult Reading Test (AMNART [11] ), Paced Auditory Serial Addition Test (PASAT [12] ), Trail Making Test Part A [13] , Controlled Oral Word Association Test (COWAT [14] ), The Letter-Number Sequencing Test [15] , Trail Making Test Part B [13] , Hopkins Verbal Learning Test -Revised (HVLT-R [16] ), and Grooved Pegboard [17] . Please see Table 1 for additional information about test administration and outcome measures.
Analyses
Data were analyzed using SPSS 11.5 (SPSS Inc., Chicago, IL) with the significance level set at 0.05. Independent t-tests were utilized to examine group differences in demographic and clinical variables. For the primary analysis comparing neuropsychological test scores, independent t-tests were employed. We planned to follow-up any significant group differences in neuropsychological test scores by examining the performance of each group compared to published normative data. These normative t-scores represent each group's performance relative to healthy individuals of the same age. The mean value of a t-score is 50 with a standard deviation of 10. Lower scores represent poorer performance.
Results Table 2 depicts participant demographic information by hypoxemia severity group. The two groups were pair-matched on age, gender, and AHI, and did not significantly differ on education, body mass index (BMI), estimated premorbid verbal intelligence quotient, symptoms of daytime sleepiness, or depression. Participants were generally middle-aged Caucasian males with 1-2 years of post-secondary education. All participants were either overweight (BMI ≥25) or obese (BMI ≥30), and reported clinically significant subjective sleepiness but minimal depressive symptoms. By design the two groups differed on severity of hypoxemia (i.e., Sa90). Table 3 shows the neuropsychological test performance for the low hypoxemia group and the high hypoxemia group. The groups differed significantly on verbal memory, specifically verbal immediate recall (HVLT-R; t0−2.50, p< 0.02). The effect size for this difference was large (Cohen's d 0−0.78). There was a trend towards significance for delayed recall (t0−1.77, p<0.09), though not statistically significant. No other group differences were observed on any neuropsychological measure. Figure 1 illustrates the t-scores calculated using published normative data for each of the memory scores. The high hypoxemia group performed largely in the average range (i.e., t-scores 40-60). Performance on the HVLT-R was more variable for the low hypoxemia group, with t-scores falling in the borderline/low average ranges (i.e., t-scores 38-40). A measure of rapid word generation. Participants generate as many words as possible in a 60-s trial to each of three letter cues.
Total # of words generated
Letter-Number Sequencing Test [15] A task designed to test working memory and executive functioning. Participants read a string of numbers and letters, and state the numbers in sequential order followed by the letters in alphabetic order.
Total # correct was used to generate a scaled score based on the testing manual.
Trail Making Test Part B [13]
A test designed to measure visual search and set shifting abilities. Participants are required to quickly connect numbers and letters in alphanumeric order.
Time to completion Hopkins Verbal Learning Test -Revised (HVLT-R [16])
A test of verbal list learning, free recall, and recognition memory. The examiner presents a list of words to recall across three trials. After a 25-min delay, participants must recall the list, and discriminate between target words and foils.
No. of words recalled for trials [1] [2] [3] No. of words recalled after the delay Percent retention on the delay trial Grooved Pegboard [17] Used as a measure of fine motor coordination, participants must place pegs into a pegboard as quickly as possible using only one hand. The task is completed with the dominant and non-dominant hand separately.
Time to completion

Discussion
The goal of the current study was to examine the association between hypoxemia and cognitive performance among patients with OSA. Two groups of patients were carefully matched to isolate the impact of hypoxemia on cognition from other demographic factors and aspects of OSA severity (i.e., age, sleep-related respiratory disturbance) that could confound the relationship. The study compared patients with high and low hypoxemia that were pair-matched on age, gender, and severity of sleep-related respiratory disturbance (AHI), and did not differ on education, estimated premorbid intelligence, BMI, self-reported daytime sleepiness, or depressive symptoms. We found that individuals with greater hypoxemia performed better on learning and memory than those with lower levels of hypoxemia.
To our knowledge, the current data are the first published findings in a clinical sample of patients with OSA suggesting a protective advantage of higher levels of hypoxemia on memory. Our results were unexpected and may seem counterintuitive. Past studies of patients with OSA typically have suggested that greater hypoxemia is associated with poorer memory performance [4, 5, 18] . There are some potential explanations for our different findings. There is evidence in the clinical and animal literature that exposure to intermittent hypoxemia has protective effects on the cardiovascular system, brain, and memory specifically [19] . Adaptation to intermittent hypoxemia has been used therapeutically for many years in the nations of the former Soviet Union to reduce future cardiovascular risk [20, 21] . Effects of intermittent hypoxemia and cerebral response to apnea have gained more widespread attention in English medical literature over the past several years [22, 23] . Adaptation to intermittent hypoxemia has been shown to confer cardiovascular protection against more severe and sustained hypoxia in the future, and to transfer protection to some other stressors such as ischemia [19, [24] [25] [26] . Most research examining adaptation to hypoxemia has not, however, been conducted among clinical disorders like sleep apnea. Almendros and colleagues [27, 28] have recently examined changes in oxygen partial pressure of brain tissue (PtO 2 ) in an animal model of obstructive apnea. The model is designed to apply recurrent obstructive apneas in a stable and controlled way without other comorbidities that can occur in OSA. The authors recently posited that a physiological response in cerebral hemodynamics such as hypercapnia could compensate, in part, for reduction in arterial oxygen saturation (SpO 2 ), the measure of oxygen on pulse oximetry that is most commonly used clinically to capture oxygen saturation during apneas [28] .
In the clinical sleep literature, one relatively large study identified an unexpected survival advantage associated with moderate sleep apnea in older adults [29] . The study examined all-cause mortality over 8 years comparing 611 elderly (aged ≥65 years) individuals with a diagnosis of OSA to age-, gender-and ethnicity-matched national mortality data. Elderly patients with moderate OSA had significantly lower mortality rates than the matched population cohort, while those with severe apnea had the same mortality as a comparison cohort. Together with the basic literature on protective effects of chronic intermittent hypoxia, the finding of a survival advantage of moderate OSA suggests that a protective effect of intermittent hypoxemia is plausible in OSA although the mechanisms and specific levels of hypoxemia that are beneficial have not been determined.
We observed differences on memory testing, but no significant group differences on attention, executive functioning, or motor coordination measures. The reason for the specificity of in the memory domain is unknown. The hippocampus has historically been implicated as vulnerable in different clinical populations of patients who experience hypoxia [4, 30, 31] . Experimental paradigms in animals have also demonstrated that acute severe hypobaric hypoxia causes extensive neuronal damage in hippocampus and neocortex, and that preconditioning with three-time exposure to mild hypobaric hypoxia prevents severe hypoxia-induced neuronal death in these regions [32, 33] . Past animal work following exposure to intermittent hypoxia has focused on memory tasks (e.g., retention of conditioned passive avoidance [34] ) as outcome measures providing consistency with our memory finding. Our data, however, do not offer information about the reason for group differences in memory specifically.
The current study is the first to focus specifically on the relationship between hypoxemia and cognition, controlling for other clinical variables in a sample of patients with OSA; however, strengths and weaknesses of the study design need to be considered. First, we examined only a small sample of carefully matched patients. Second, the study used retrospective data from a larger study. Prospective data collection might have enabled matching on a wider range of variables; Fig. 1 Learning and memory test t-scores for study sample by group however, using retrospective data enable us to match groups on key variables (i.e., age, gender, and AHI) and examine other variables (i.e., education, BMI, estimated premorbid intelligence) between groups. Still, we cannot rule out that other factors associated with OSA could account for our findings. Another limitation is that both of our groups suffered from intermittent hypoxemia. The low hypoxemia group simply had less total hypoxemia time than did the high hypoxemia group. Finally, limited information from the PSG was available for analysis (i.e., AHI and % sleep time < Sa90). It is possible that the groups different on aspects of sleep, which were not included in our analysis. Given these limitations, it is possible that the better performance of the high hypoxemia group was a chance finding. It will be necessary to replicate this type of analysis to be confident in the observed effects.
The findings from the current study suggest that the association between hypoxemia and cognition is not straightforward. Given the small sample size findings are not definitive; however, future research on cognition in OSA should aim to examine the effects of different aspects of OSA separately. Research targeting the effects of hypoxemia on cognition while also controlling for other clinical factors that might impact cognition (e.g., sleep disturbance, daytime sleepiness, obesity, and depression) will be important to advance our understanding of the relationship between hypoxemia and cognition.
